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assemblage involves archaea in the oxidation of methane. Future 
studies of environments in which methane is being oxidized 
anaerobically, combining biomarker techniques and 16S rRNA 
sequencing, are likely to reveal the identity of the crocetane producer 
as well as the environmental conditions that determine the growth of 
either one of these two (or more?) distinct assemblages. 

Our results demonstrate the power of complementary informa- 
tion derived from molecular isotopic and phylogenetic lines of 
evidence. Resolution of the mechanisms by which methane is being 
oxidized in natural environments is very important both in terms of 
the global carbon budget and for reconstruction of the relationships 
between gas-hydrate carbon pools and concentrations of green- 
house gases in ancient atmospheres 28 . 

Methods 

Lipid analyses. Wo extracted free lipids using a Dionex Accelerated Solvent 
Infraction 200 system at 100 °C and 1000 psi with dichloromethane/methanol 
(99:1 v/v) as the solvent. We determined the carbon isotopic compositions of 
total extracts by combustion (sealed quartz tube, CuO/Ag, 850°C, 8h) and 
isotopic mass spectrometry ( Micromass Optima >. Individual compounds were 
quantified and identified using an 1 1 1' 6890 gas chromatograph I GO equipped 
with a l&W DB-5 (60-m length, 0.32-mm inner diameter, and 0.25-p,m film 
thickness) capillary column and coupled to an 1 1 P 5973 mass-selective detector. 
Stable carbon isotopic compositions of individual compounds were deter- 
mined using a I innigan I Sella I'lus isotope mass spectrometer coupled to a III' 
6890 GC and equipped with a column identical to that described above. 
Column temperatures were programmed from 40 C (1 rain isothermal) to 
130 °C at a rate of 20 o Cmin _1 , and then to 320 °C (60min isothermal) at 
4 "Grain . We analysed glycerol derivatives .is their trimothvlsilvl ethers after 
reaction with BST1 A Reported 8 values are corrected for the introduction of 

16S rRNA sequencing. We collected subcores at varying sediment depths in 
sterile tubes, and stored them frozen at -70 °C before nucleic acid extraction. 
Subsequently, thawed sediment was mixed with an equal volume of lysis buffer 
(lOmM Tris-HCl pH 8.3, 40 mM EDTA, 750 mM NaCl, 2% sodium dodecyl 
sulphate), and mechanically disrupted by bead mill homogenization with 
sterile 0.1mm zirconium/silica beads. We then purified nucleic acids as 
previously described 29 by phenol/chloroform (1/1) extraction, chloroform 
extraction, and subsequent small-scale Os( .1 density gradient contritugation. 
Archaeal or bacterial small-subunit rRNA genes were I 'CM amplified and cloned 
using archaeal biased (Ar 20F: TTC CGG TTG ATC CYG CCR G and AR958R: 
YCC GGC GTT GAM TCC AAT T) or eubacterial biased (Eub27F: AGA GTT 
TGA TCC TGG CTC AG and 1492R: GGT TAC CTT GTT ACG ACT T) PCR 
primers as described '. Ribosomal UNA clones from each library (bacterial or 
archaeal) were initially screened by PCR amplification of rDNA plasmid inserts 
using Ml.i forward and reverse primers, and subsequent restriction endonu- 

I ligestion usii III nalysed restrict ir i I 

electrophoresis on 2.5% NuSievc 3:1 (l-'MC). Ribosomal RKA clones deter- 
mined to be unique by RFLP analysis were bidiroctionalk sequenced using 
infrared dye-labelled primers and a kicor automated DNA sequencer. 
Sequences were aligned to a database of i RKA sequences and subsequent 
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Nicotine exerts antinociceptive effects by interacting with one or 
more of the subtypes of nicotinic acetylcholine receptors 
g as hydrates in marine sediments, (nACliRs) that are present throughout the neuronal pathways 
that respond to pain 1 " 5 . To identify the particular subunits 
ound -specific isotonic analyses: a mvo i ved j n this p rocess , we generated mice lacking the «4 subunit 
of the neuronal nAChR by homologous recombination techniques 
and studied these together with previously generated mutant mice 
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lacking the P2 nAChR subunit 6 . Here we show that the homo- 
zygous ct4 ' mice no longer express high-affinity [ 3 H] nicotine 
and [ 3 H]epibatidine binding sites throughout the brain. In addi- 
tion, both types of mutant mice display a reduced antinociceptive 
effect of nicotine on the hot-plate test and diminished sensitivity 
to nicotine in the tail-flick test. Patch-clamp recordings further 
reveal that raphe magnus and thalamic neurons no longer 
respond to nicotine. The «4 nAChR subunit, possibly associated 
with the P2 nAChR subunit, is therefore crucial for nicotine- 
elicited antinociception. 

The involvement of a particular nAChR subunit in nicotine 
analgesia has so far been difficult to assess. Pharmacological 
approaches have indicated a possible contribution of the widely 
expressed neuronal a4 subunit which co-assembles in vivo with the 
(32 nAChR subunit (and possibly other nAChR subunits) to form 
high- affinity functional receptors 5,7,8 . By gene targeting and homo- 
logous recombination, we have generated a line of mutant mice that 
lacks the neuronal nAChR a 4 subunit (Fig. I) 6 . Similar to |32 ' 
mice, mice homozygous for the a4 mutation were born in the 
expected Mendelian proportion, were capable of reproduction and 
had no obvious physical abnormalities. In a4~'~ mice, no detectable 
amounts of a4 messenger RNA were found throughout the brain 
using in situ hybridization (Fig. 2a) 9 . Furthermore, there was no 
significant difference in the expression of the mRNA of the a3, <x5, 
a6, (32 and (34 nAChR subunits or in [ 123 I]oi-bungarotoxin binding 
sites (data not shown). Therefore, the disruption of the a4 gene did 
not cause compensatory changes in the amounts of other nAChR 
subunit mRNAs or proteins tested. 

Autoradiographic ligand-binding experiments with the tritiated 
forms of two antinociceptive compounds, nicotine and epibatidine, 
showed that high-affinity binding for these compounds decreased 
by about 50% in heterozygous ct4 + ~ mice (data not shown) and was 
absent in most brain regions of a4~'~ mice. In a4~'~ mice a reduced 
level of f Hlnicotine binding was detected in the interpeduncular 
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nucleus (IP) (Fig. 2b, c). [ H] epibatidine binding persisted at high 
levels in the medial habenula (MHb), superior colliculus (SC) a 
IP and at low levels in the substantia nigra (SN). However, the 
residual [ 3 H] nicotine binding in the IP and [ 3 H] epibatidine binding 
in the SN and SC of a4~'~ mice were absent in (32~'~ mice 6,7 , which 
indicates that, in these regions, subunits other than a4 form high- 
affinity nicotine- and epibatidine-binding sites in situ, in associa- 
tion with the (32 nAChR subunit. Moreover, the pronounced 
reduction of [ 3 H] nicotine and [ 3 H] epibatidine binding in 
and (32~'~ mice in overlapping regions indicates that these t 
subunits contribute to most high-affinity nicotinic-binding site; 

We examined several pharmacological responses of a4 _/_ -mutant 
mice to the nAChR agonists nicotine and epibatidine and compared 
these with the effect of nicotine in (32~'~ mice. Figure 3 shows the 
antinociceptive effects of nicotine in hot-plate and tail-flick te 
which distinguish, respectively, between a supraspinal response and 
a spinal reflex" 12 . The control latency response to painful stimuli 
did not differ significantly in wild-type and knockout littermates ir 
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Figure 1 Targeted mutagenesis and expression analysis of the a4 nAChR 
subunit. a, Top, restriction map of the wild-type a4-subunit gene. Ex5, and Ex6 are 

indicated by the two BsfEII restriction sites. This fragment contains three of the 
four putative transmembrane-spanning domains (M1, M2 and M3) and the 
acetylcholine binding site. Middle, targeting construct used to disrupt the 
endogenous a4-subunit gene. Neo, the neomycin-resistance gene, replaced 
part of exon 5. Diptheriatoxin-A gene (DT-A) 26 was used to select against random 
integration. Bottom, structure of the recombined a4 gene. Restriction sites: R, 
fooRI; N, Nhe\\ BE, BsfEII. b, Southern blot analysis of genomic DNA restricted 
with BcoRI from +/+, +/- and -/- mice, c, Western blot analysis of total brain 
extracts using a polyclonal antibody against a4 subunit (M.M.A.-J. ef a/., sub- 
mitted). 
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Figure 2 Expression of neuronal nAChRs in mouse brain, a, In situ hybridization 

Representative mid-thalamic sections are shown, b, c, Autoradiographic 
mapping using [ 3 H]nicotine to reveal the presence of high-affinity nicotine 
receptors in +/+ and -/- mouse brain sections at Bregma levels of 1.5 and 3.4 mm, 
respectively. Arrows indicate the IP and show the low levels of binding that persist 
in the IP in the -/- mice, d-f, Autoradiographic mapping using [ 3 H]epibatidine in 
+/+ and -/- mouse brain sections at Bregma levels of 1.5, 3.4 and 5.8 mm, 
respectively 27 . Note the binding that remains in the mHb, SC and IP. 
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either test, indicating that the endogenous activation of either the 
a4 nAChR subunit or the (32 nAChR subunit is not essential in the 
perception of acute thermal nociception (Fig. 3a, d). Using the hot- 
plate test, a4 +/+ mice showed a dose-dependent antinociceptive 
response to nicotine with a median effective dose (ED 50 ) of 1.8 mg 
kg -1 (range of confidence limits 1.4-2.4 mg kg -1 ), a value between 
the ED 50 values for the 129 (ED 50 = 2.2 (2.0-2.5) mgkg 1 ) or C57B1/6 
(ED 50 = 1.0 (0.6-1.6) mg kg -1 ) strains of mice which contribute to 
the genetic background of the a4~ h mice (data not shown). For |32 +/+ 
mice, the estimated ED 50 value of 0.93 (0.7-1.3) mg kg -1 is close to 
that of the C57B1/6 strain which largely contributes to the genetic 
background of the $2~'~ mice. Nicotine- elicited seizures occurred at 
3 mg kg -1 nicotine in both |32 +/+ and |32 ' mice, and this dose was 
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Figure 3 Antinociception of a4-knockout mice in the hot-plate and tail-flick 
assays, a, Pre-test control responses of a4 +/+ (n = 38), aT 1 - (n = 40), p2 +/+ (n = 24) 
and p2~'~(n = 22) mice on the hot-plate assay, b, Antinociception responses in the 
hot-plate assay to nicotine administration in a4 +/+ and a4~'~ littermates using 
saline (n = 7, 7; +/+, -/-, respectively) and nicotine concentrations of 1 mg kg -1 
(n = 5,7),2mg kg~ 1 (n = 8,11) and 3 mg kg~ 1 (n = 8, 8). c, Antinociception responses 
in the hot-plate assay to nicotine administration in p2 +/+ and p2~'~ littermates using 
saline (n = 5, 6; +/+, -/-, respectively) and nicotine concentrations of 1 mg kg -1 
(n = 9, 7) and 2 mg kg~ 1 (n = 10, 9). d, Pre-test control responses of a4"" + (n = 40), a4~'~ 
(n = 42), p2 +/+ (n = 39) and p2 _/ - (n = 36) mice in the tail-flick assay, e, AnHnociceplion 
responses in the tail-flick assay to nicotine administration in a.A*'* and a4~'~ 
littermates using saline (n = 6, 5; +/+, -/-, respectively) and nicotine concentrations 



therefore not tested in analgesia experiments. In contrast to wild- 
type littermates, a4~'~ mice showed no antinociceptive response in 
the hot-plate test at all doses of nicotine tested (Fig. 3b). Their 
latency of response was not significantly different from control 
values regardless of the amount of nicotine injected. (32~'~ mice also 
exhibited a reduced antinociceptive response to all doses of nicotine 
tested (Fig. 3c). In addition, 9 jig kg -1 of epibatidine, a dose that 
showed a 91 ± 5.8% maximum possible effect (MPE) in C57B1/6 
control mice (data not shown) and 73 ± 15% MPE in a4 +/+ mice, 
showed no antinociceptive effect in a4~'~ mice (Fig. 3g). 

In contrast, nicotine was able to cause dose-dependent analgesia 
in the tail-flick test in «4 +/+ and aA~'~ mice and (32 +/+ and (J2 _/_ 
mice. However, in both cases the dose-response curve for the 
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of0.5mg kg 1 (n = 5,5),1 mg kg 1 (n = 11,8),2mg kg 1 (n = 5,7) and 3 mg kg 1 (n = 5) 

administration in p2 +/+ and p2~'- littermates using saline (n = 6, 5; +/+, -/-, 
respectively) and nicotine concentrations of 0.5 mg kg -1 {n = 8, 5),1 mg kg -1 {n = 9,9), 
1.5 mg kg-' (n = 7, 8) and 2 mg kg- 1 (n = 9, 8). (Fischer's PLSD, P < 0.01). 
g, Antinociception response in the hot-plate test to 9 kg" 1 epibatidine in a4 +/+ 
{n = 9) and aA~'~{n = 7) littermates and to5mg kg -1 morphine in a4 +/+ {n = 6) and aA' 1 ' 
Ip = 5). h, Antagonism of antinociception response in the tail-flick assay to 2 mg kg" 1 
nicotine in a4 +/+ and a4~'~ littermates using 5 mg kg~ 1 mecamylamine (n = 5, 5) and 
5 mg kg~ 1 hexamethonium (n = 8, 7). Antinociception response in the tail-flick assay in 
a4 +/+ (n = 6)and«4^(n = 5)to5mg kg~ 1 morphine. Values on they-axis expressed as 
mean ±s.e.m. *,P < 0.05; **,P < 0.01. Mec, Mecamylamine; Hex, Hexamethionium. 
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elicited a significant current in nine out of ten neurons. The non-responding 
neuron ina4 +/+ was not included in the dose-response curve, b, Nicotine (1-100 
(iM) elicits an inward current in serotonergic raphe magnus neurons recorded in 
whole-cell configuration (vollage clamp) ir a'-' ' but rot r n'- ;v 02 rice. c. 
Serotonin elicits the typical hyperpolarization in serotonergic neurons in the 
raphe magnus 17 in a4 +/+ {n = 10), a4"'" (n = 9) and 02"'" {n = 7) mice. A representative 
trace of the response to serotonin (left) and a representative action potential of 
these neurons (right) are shown, d, Dose-response curve for nicotine inthea4 +/+ 
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curve for nicotine-induced increase of PSC frequency in the a4 +/+ (n = 8), a4"'" 
(n = 9) and 02"'" (n - 12) spiral co-sal horn neurons (layers I III) (left). Represen- 
iii - i i - Per' it ., i -i i I -I - I | ul I ii ii, I i II- i agrl) 
application ol 100 pM ncolire a-e shown. Values lor all dose response cui 
correspond to mean ± s.e.m. of currents recorded at -60 mV. Each point 
corresponds to the average of four to nine measures. Electrode resistance w 
1 2 MS! to- experiments in the -apre magnus arc thalamus and 3 !> MS! in I 
spinal cord. 



mutant mice was shifted to the right (a4 +/+ ED 5 „ = 0.7 (0.5-1.0) mg 
kg -1 compared with a4~'~ ED 5 „ = 1.6 (1.2-2.1) mg kg -1 ; (32 +/+ ED 50 
= 1.0 (0.8-1.1) rngkg" 1 compared with (32~'~ ED 5 „ = 1.5 (1.3-1.7) 
mg kg -1 ) (Fig. 3c, f). Thus, both the a4 and the (32 nAChR subunit 
contribute to the antinociceptive effects of nicotine, although to a 
larger extent in the hot-plate test, which primarily reflects activation 
of supraspinal regions. 

There were no significant differences between a4 +/+ and ct4~'~ 
mice after morphine administration in both the hot-plate and tail- 
flick tests (Fig. 3g, h), indicating that opiate analgesia does not 
depend on activation of a4-containing nAChRs 13 ' 14 . In addition, 
there was no significant difference in non-habituated locomotor 
activity after injection of 1 or 2 mg kg -1 nicotine (data not shown), 
indicating that the response to nicotine of a4 +/+ and ct4~'~ mice and 
(32 +/+ and (32~'~ mice in tests for analgesia does not depend only on 
differences in nicotine-elicited effects on the locomotor system. 

The thalamus, raphe magnus, pedunculopontine tegmental 
nuclei and the dorsal horn of the spinal cord are important in the 
nicotinic antinociceptive pathways 15,16 . Equilibrium-binding 
experiments showed the loss of high- affinity nicotine- and 
epibatidine-binding sites in these areas in a4~'~ and (32~'~ mice 
(Fig. 2b-f) 6 ' 7 . Consistent with this finding, patch-clamp recordings 
from serotonergic neurons in the raphe magnus (identified by their 
response to serotonin) 17 and neurons in the thalamus showed a loss 
of nicotine- elicited currents in a4~'~ and (32~'~mice (Fig. 4a-d) 6 , 
indicating a contribution of the a4 and (32 nAChR subunits to 
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functional receptors in areas implicated in supraspinal nicotine- 
elicited antinociception 1 ' 13 ' 16 . In contrast, neurons in the superficial 
layers (I — III) of the dorsal horn of the spinal cord of a4~'~ and (32~'~ 
mice continued to display a nicotine-elicited, dose-dependent 
augmentation of the frequency of postsynaptic currents (PSCs) 
(Fig. 4e). 

We then investigated the reasons why the a4~'~ mutation only 
partially reduced the antinociceptive response to nicotinic agonists 
in the tail-flick test. First, the administration of mecamylamine, a 
nicotinic antagonist that acts both centrally and peripherally, 
completely blocked nicotine-elicited antinociception in the tail- 
flick test (Fig. 3f). Furthermore, previous studies have shown that 5 
mg kg -1 hexamethonium, a peripheral antagonist that penetrates 
the blood-brain barrier quite poorly 18 , partially blocks the tail- flick 
response in rats and mice 13 ' 19 . Indeed, in wild-type mice —50% of 
the tail-flick response to 2 mg kg -1 nicotine was blocked by 
hexamethonium, in contrast to 80% in a4 _/_ mice (Fig. 4f). The 
almost complete block by hexamethonium of the residual antinoci- 
ception in the knockout mice indicates a contribution of peripheral, 
non-a4 receptors. To identify these peripheral receptors, we per- 
formed polymerase chain reaction with reverse transcription (RT- 
PCR) on complementary DNA from the dorsal root ganglion using 
degenerative oligonucleotide primers. We observed the expression 
of a3, a6, a7, (32 and (34 subunits in both a4 +/+ and a4 _/_ mice, the 
a4 subunit being detected only in the a4 +/+ mice (data not shown). 
Immunoprecipitation has shown 20 that most of the nicotinic 
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receptors in sensory ganglion are composed of a3 and (}4 subunits, 
whereas a minority contains a4 and p2 subunits. Thus, in the a4~'~ 
mice a3- and p4-subunit-containing nAChRs are likely candidates 
to mediate the peripheral effects of nicotine in the tail-flick test. 

In conclusion, disruption of the a4 and the (32 nAChR gene 
demonstrates that these receptor subunits are an important, 
although not exclusive, component of the nicotinic pain pathways 
and most likely cooperate to mediate the antinociceptive effect of 
nicotine. Specific pharmacological compounds that target these 
receptors may prove to be therapeutically useful for analgesia. _ 



Generation of mutant mice. Mouse genomic DNA encoding exon 5 and 6 of 
the «4 subunit was isolated from a AI1ASI 1 II male 129 mou.se .strain genomic 
library. A DNA construct for homologous recombination was produced by 
replacing a 1.3 base pair (bp) fragment consisting of a portion of exon 5 and 
about 400 bp of the upstream intron sequence with a cassette encoding for the 
neomycin-resistance gene. Transfected embryonic stem-cell colonies that 
survived after selection with neomycin were subcloned and PCR was used to 
identify homologously recombined versus randomly integrated DNA. Four 
positive colonies were isolated and injected into mouse blastocysts. Cbimaeric 
offspring were mated to non-agouti, C57Black/6 mice. Transmission of the 
mutant a 4 gene was indicated by the colour coat marker in approximately 1 out 
of every 100 of the progeny followed by PCR analysis of DNA isolated from the 
tail. The positive I I progeny were crossed with 057BI/6 mice and their 12 
lit. 1. 1 in iffspring were interbred to generate homo/ygote o4 ando4 
littcrmatcs. I or the generation of (32 and (32 littermates, 17 ! backcrossed 
with C57B1/6 for seven generations) heterozygote breeders were used. 
Mapping of the neuronal nAChR mRNA in mouse brain. In situ 
hybridization was performed .is described. Oligonucleotides used differing 
from those previously described are as follows: «4 (mouse) 5'-CTGGGCA- 
CAGCATTCATACTTCCTGGTGTTGTAGGGTCCCACGGC-3',5'-GAAGTC- 
CAGTTGGTCCACACGGCTGTGCATGCTCACCAA- 3 ' . 
Western blot analysis. Whole brain extracts from a4 +/+ and a4~'~ mice were 
homogenized in five volumes of boiling lysis buffer ! 1 % SDS, 10 mM Tris-Cl, 
pH 7.4) and centrifuged at 550g for 10 min. The supernatant was collected, 
divided into aliquots and frozen at -80 °C until use. Samples were run on 10% 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The a4-subunit anti- 
body was from Santa Cruz Biotechnology and purified as described (M.M.A.-J. 
et al, submitted). 

Equilibrium binding. Receptor autoradiography was performed .is described J:i . 

4 1 (nicotine and 1 1 (epibatidine were obtained from Amersham. 
Behavioural analysis. Antinociception was assessed by the tail-flick method 
as described' 1 . A control response (2-6 s) was determined for each animal 
before treatment and a test latency was determined after drug administration. 
4o minimize tissue damage, a maximum latency of 10 s was imposed. 
Antagonism studies were 'done by pretreating the mice subcutaneous])' with 
the nicotinic antagonists, mccamvlaminc or hexamthonium, 10 min before 
administration of nicotine. The animals were tested .3 min after subcutaneous 
administration of agonist or 15 min after administration of 5 mg kg -1 
morphine. Antagonists were administered subcutancously 13 min before 
nicotine administration. 

Mice were also examined using the hot-plate method (at a temperature of 
33 CI. A control response was determined for each animal before 1 reatment. A 
cut-off time was imposed of 20 s for the a4 +,+ and a4~'~ mice and 60 s for B2 +/+ 
and (32 mice. The nociceptive en. .(points in the hot-plate test were hind paw- 
licking, jumping or rapid thumping of the hind paw. Mice were tested 3 min 
after .subcutaneous injections of nicotine or epibatidine or 20 min after 5 mg kg" 
morphine injection for the dose-response evaluation. Some mice were used for 
both the hot-plate and the tail-flick tests and some (32 " and (32 mice 
injected with saline or low tloses of nicotine were used twice on the tail-flick 
test. Antinociceptive response was calculated as %MPE, where %MPE = 
[(test- control)/(cut-off- control)] x 100. Experimenters were blind as to the 
genotype of the mice. After the tail-flick or hot-plate assay, sonic mice were 
tested for locomotor activity as described". 

I lata were analysed by an analysis of variance followed by lasher'-, post- hoe 
least significant difference (PI..SI1! multiple comparison test. I'he null 



hypothesis yeas rejected at the 0.05 significance level. ED 50 values with 95% 
confidence limits for antinociception data were calculated b\ unweighted least- 
squares linear regression, as described 23 . Potency ratios were used to compare 
ED50 curves as described 23 . A Student's (-test was used for comparison between 
individual groups. The ethical guidelines of the International Association for 
Stud)' of Pain were followed 21 . 

Patch-clamp recording. l-.lectrophysiolgical experiments were done as 
previously described 22 . Coronal slices were taken from animals at postnatal 
day 7-1 1 (P7-1 1 ) for the raphe magnus, I '7- I 4 for the thalamus, and P6-8 for 
the spinal cord, for the raphe magnus, the- intracellular recording solution 
contained 130 mM KC1, 2 mM MgCl 2 , 3 mM CaCl, 10 mM EGTA, 4 mM ATP- 
Na 2 , 0.4 mM GTP-Na, 10 mM HEPES, pH 7.2. For the spinal cord and thalamus 
recordings, the intracellular solution contained 140 mM CsCI, 2 mM MgGI, 
10 mM BAPTA, 4 mM ATP-Na2, 10 mM HEPES, pH 7.2. Presynaptic responses 
were analysed as in ref. 25. 

RT-PCR. extraction of total RNA from freshly fro/en dorsal root ganglion and 
spinal cord as a positive control for subunits not expressed in the dorsal root 
ganglion from <\4 and (v4 mice was performed using the KNcasy kit 
lOiagcn, Germany), first-strand cl)NA was synthesized with Superscript! I 
(Gibco BRL) with random hexamer primers. PCR amplification of nAChRs 
was done using the following forward oligonucleotide primers: c<2 5'- 
CTTCTTCACGGGCACTGTGCACTGGGTG- 3' , a4 5' -GTTCTATGACGGAA- 
GGGTGCAGTGGACA- 3 ' , «3 5'-ACTCAAGTACACAGGAGAAGTGACT-3', «6 
5'-TCITAAGTAGGATGGGGTGATAAGG-3', «t5 5'-GATAAAGATI'ATACGT- 
GTTCCTTCG-3', S3 5 ' - AATTAATTCGATAAAGGTTCCATCA- 3 ' , B2 5'- 
CTTCTATTCCAATGCTGTGGTCTCCTATG- 3 ' , B4 5'-TGTCTACACCAAC- 
GTGATTGTGCGTTCCA- 3 ' , a7 5'-GTGGAACATGTCTGAGTACCCCG- 
GAGTGAA-3'; and the following reverse oligonucleotide primers: «2o4 5'- 
GGGATG ACC AGCG AGGTGG ACGGGATGAT- 3 ' , «3/a6 5'-TGGTCTCKGT- 
AATCACCAGSAG AAAG ACAGT- 3 ' , a5 5'-GGCAAAGACAGTCACCATAAT- 
GGATAGGG-3', a7 5 '-GAGTCTGCAGGCAGCAAGAATACCAGCA- 3 ' , S2/S4 
5'-AGCGGTACGTCGAGGGAGGTGGGAGG-3', S3 5'-GACCGTGAGAAA- 
AGACAACCCCAGG- 3 ' . cDNA was amplified for 35 cycles of one minute at 
each of 96 °C, 60 °C and 72 °C. 
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Much progress has been made in understanding limb develop- 
ment 1 " 3 . Most genes are expressed equally and in the same pattern 
in the fore- and hindlimbs, which nevertheless develop into 
distinct structures 3 " 8 . The T-box genes Tbx5 and Tbx4, on the 
other hand, are expressed differently in chick wing (Tbx5) and leg 
(Tbx4) buds 9 " 12 . Molecular analysis of the optomotor blind gene 13 , 
which belongs to the same family of transcription factors, has 
revealed that this gene is involved in the transdetermination of 
Drosophila wing and leg imaginal discs 14 . In addition, expression 
of Tbx5 and Tbx4 correlates well with the identity of ectopic limb 
buds induced by fibroblast growth factor 4 ' 5 ' 15 " 19 . Thus, it is thought 
that Tbx5 and Tbx4 might be involved in determining limb 
identity. Another candidate is the Pitxl gene, which encodes a 
bicoid-type homeodomain transcription factor that is expressed 
in leg buds 20 ' 21 . Here we determine the importance of these factors 
in establishing limb identity. 

To introduce foreign complementary DNA efficiently into chick 
embryonic cells, we adopted a novel in ovo electroporation system 22 . 
In a conventional replication- competent avian sarcoma (RCAS) 
retrovirus system, there is a time lag (of about 16 h) between 
injection of the virus and full gene expression 23 . This could prevent 
the conversion of wing/leg identity, because limb identity seems to 
be determined and fixed at early stages (stages 10 to 12) 24 ' 25 . To 
overcome this problem, we electroporated RCAS retrovirus plas- 
mids directly into the prospective limb-bud fields. In this system, 
gene expression starts immediately after electroporation (within 
2h 22 ). In addition, subsequent production and infection of the 
recombinant retrovirus fix, expand and maintain the expression in 
limb buds. We used this system to express Tbx5/Tbx4 ectopically in 
limb fields at stages 7 to 9. 
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Figure 1 Misexpression of Tbx5 and I bx-'. converts Ihe wing/leg idenlily ol limb 
buds, a-c, Normal expression patterns of Tbx5 (a), Tbx4 (b) and Pitxl (c) genes at 
stage 23.d-f,Tbx5misexpressed leg. Leg ectoderm is covered by feathers (d, red 
arrowhead). Fibula is elongated and makes a joint at its distal end like a normal 
ulna (f). e, Partial scale-to-feather conversion in the area indicated by broken lines, 
g, Skeletal pattern of the normal leg. h-j, Tbx4 misexpressed wings. The wing 
was elongated and four separated digits were formed with claws (red arrow- 
heads, i). Four digits and a thin ulna are observed (red arrowheads, j). r, radius; u, 
ulna; fe, femur; fi, fibula; t, tibia; I- IV, digits. 

When a fusion construct containing Tbx5 and the enhanced green 
fluorescent protein gene (RCASBP-Tbx5-EGFP) was electropo- 
rated into the leg fields of chick embryos, several mesodermal and 
ectodermal phenotypes were observed in 15% (n = 519) of electro- 
porated legs (Fig. ld-f). The fibula, which is normally short 
(Fig. lg) and does not articulate with the metatarsal bones, was 
elongated, and clearly articulated with metatarsal bones (red arrow 
in Fig. If), although it did not articulate correctly with the femur 
and was thinner than a normal ulna. The number of phalanges was 
different from in a normal wing, but there were only three digits, as 
in normal wings (arrowheads in Fig. If). Thus, misexpression of 
Tbx5 in the leg can induce wing-like skeletal patterns, albeit 
partially. Ectodermal phenotypes were also converted. Figure Id 
shows an electroporated leg which is completely covered in feathers 
(red arrowhead), without any scales. Partial scale-to-feather con- 
version is shown in Fig. le: in this case, scales were completely 
replaced with feathers in the leg area (dashed lines). These results 
indicate that misexpression of the Tbx5 gene in the embryonic chick 
leg induces a partial wing-like morphology, with three digits, 
elongation of the fibula and scale-to-feather conversion. 

We also induced misexpression of Tbx4 in the wing fields. When 
RCASBP- Tbx4-EGFP was electroporated into the prospective 
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